1. Introduction {#s0005}
===============

Sulfanilamide, 4-aminobenzenesulfonamide (SA) belongs to a group of sulfonamides, the synthetic antimicrobial drug agents, commonly used in treatments against Gram-positive and Gram-negative bacteria as well as in the treatments of fungi and protozoa infections ([@b0065], [@b0060], [@b0110], [@b0130]). Because of heteroatoms, aromatic ring and other functional chromophore groups in the structure that are sensitive to solar radiation, sulfonamides are considered unstable. Photocatalytic degradation of sulfonamides may occur due to absorption of solar radiation (direct photocatalysis), or by reactive free radicals action such as singlet oxygen, hydroxyl radicals and other reactive species (indirect photocatalysis) ([@b0075]). Photodegradation efficiency in an aqueous medium depends on the intensity and frequency of applied radiation treatment, medium pH ([@b0125], [@b0010]) as well as of a photosensitizer, such as humic acid and nitrates, which can be present in the solution. A pH affects the degradation reaction rate, but does not affects the type of the degradation products in the reaction mentioned above ([@b0015]). [@b0150] examined the sulfonamides stability to degradation under the influence of UV-A irradiation, a combination of UV-A and UV-B irradiation and sunlight. The results showed that all investigated sulfonamides are subject to degradation under the action of UV irradiation. Photo degradation was most pronounced after exposure to combined UV-A/UV-B irradiation, then after the UV-A, and finally after exposure to sunlight irradiation. The sulfonamides have a different inclination towards photo degradation depending on the chemical structure; thus, sulfathiazole and SA were almost completely decomposed after only 4 h of UV-A/UV-B irradiation. Of all investigated sulfonamides, sulfamethoxypyridazine, sulfachloropyridazine and SA had the greatest degree of degradation (31--65%) when exposed to UV-A irradiation. Photocatalytic degradation of various sulfonamides in the aqueous solution resulted in the formation of different degradation products, including the most commonly present sulfanilic acid, aniline, hydroquinone, carboxylic and dicarboxylic acids. The most possible degradation routes include severing S---N bonds and a loss of SO~2~ molecule ([@b0095]). In addition, hydroxylation of benzene ring ([@b0125]) and R residue that are bonded to the nitrogen of the sulfonamide groups are also possible degradation reactions ([@b0075]).

In addition to these data, there is generally a lack of information's about SA stability and possible degradation products. Because of that, there is a great need for new analytical methods capable to determine SA degradation products that are produced after *in vitro* or *in vivo* oxidation caused by free radicals acting. Also, there is a great need to determine the SA stability in pharmaceutical as well as cosmetics formulations because of wide use of this active compound. On the other hand, due to poor solubility of SA in the aqueous medium ([@b0040]), the SA use is limited. In order to improve the SA solubility and photostability, SA was incorporated in liposomes.

In this work we have investigated SA stability under influence of UV (UV-A, UV-B and UV-C) irradiation in phosphate buffer solution (PBS) and in liposomes the commonly used vesicular carriers for targeted therapies. After incorporation in liposomes, SA release from the liposomes was also investigated. In order to investigate the liposome size influence on distribution and activity of incorporated SA, three types of liposomes: small unilamellar vesicles (SUV), large unilamellar liposomes (LUV) and multi lamellar vesicles (MLV) were obtained. SA was irradiated in PBS and in liposomes but this time UHPLC techniques in combination with absorption spectroscopy were employed to analyze the formation of SA degradation products induced by continuous UV irradiation to provide the data for a kinetic analysis. The results obtained in this work may serve for further investigations of SA activity in active formulations. Also, applied optimized UHPLC-MS-MS method for identifying degradation products generated under UV irradiation can be regarded as selective, rapid and sensitive and may serve to further studies.

2. Materials and method {#s0010}
=======================

2.1. Materials {#s0015}
--------------

1.2-Diacyl-*sn*-glycero-3-phosphocholine (PC, critical temperature Tc = 15 °C) was purchased from Sigma Aldrich (Germany) and used without further purification. According to the declaration statement the PC mixture has the following fatty acid composition: 33% palmitic acid, 13% stearic acid, 31% oleic and 15% linoleic acid (other fatty acid were present in a negligible amount). The phosphate buffer solution (Na~2~HPO~4~-KH~2~PO~4~, pH 7.4), was prepared using analytical grade reagents (Centrohem, Serbia) and purified water from a Millipore Milli-Q system (conductivity ≤ 0.1 μS·cm^--1^). All other materials and solvents were of analytical grade.

2.2. Sulfanilamide synthesis {#s0020}
----------------------------

Procedure of SA synthesis was carried out as previously described ([@b0120]). Chlorosulfonic acid together with acetanilide was heated for 1 h at 65 °C and then cooled. The separated crystals of 4-(acetylamino)benzenesulfonyl chloride were dissolved in water after ammonia was added and left for 24 h. The filtered crystals in the round flask were then treated with sodium hydroxide and heated under reflux. The concentrated hydrochloric acid was carefully added into the mixture, and then neutralized. The obtained SA was recrystallized from the water in order to obtain the pure substance.

2.3. Liposomes preparation {#s0025}
--------------------------

MLV, LUV and SUV liposomes with incorporated SA were prepared according to the thin-film hydration method, as previously described ([@b0085], [@b0100]) with slight modifications. The PC lipid was dissolved in chloroform at the molar concentration of 5 × 10^−4^ M. The SA dissolved in PBS was added to the lipid at the concentration of 1 × 10^--5^ M, considering the final buffer volume of liposome suspension. The obtained liposome dispersions after preparation procedure were MLVs. In order to obtain LUVs and SUVs, the liposome dispersion was vortexed (HI 190M, Hanna instruments, Italy) at a speed of 500 rpm, and then extruded (LiposoFast-Basic Extruder, Avestin, Inc. Canada) through poly-carbon filters of 400 and 100 nm pore size respectively. UV--Vis absorption spectroscopy was used to rapidly estimate the dimension and lamellarity of liposomes with incorporated SA. All the operations have been performed above the critical temperature (Tc) of lipid in order to avoid defects. After preparation, all dispersions were stored at 4 °C and after 24 h their characterization was performed. The spectral data have been processed by using the software Origin 8.0.

2.4. *In vitro* SA release from liposomal dispersions {#s0030}
-----------------------------------------------------

SA release from MLV liposomes was studied using a dialysis method. Before use, the dialysis bags (dialysis tubing cellulose membrane, Sigma Aldrich, *Mr.* cut-off 12,000 (Germany)) were soaked in PBS at a room temperature of 23 °C for 24 h to remove the preservative, followed by rinsing thoroughly in distilled water. Liposomal dispersion, 5 mL, was placed in dialysis bag of 11 cm initial length and 43 mm flat width. The bag was closed at both ends with plastic clips and tested for leakage. The final length of the bag after tying was 3 ± 0.2 cm. The dialysis bag was attached horizontally, fully stretched to the magnet on magnetic stirrer, which was then immersed in the 150 mL glass containing 50 mL of PBS pH 7.4. The bag was fully immersed under the surface. The temperature was set at 23 ± 0.2 °C and the rotation speed was set at 100 rpm to simulate *in vivo* conditions. Control bags were prepared and tested along with the liposomal dispersions. Aliquots of the release medium were withdrawn for analysis at different time intervals. Release runs were continued for 2 h. The absorbance of the collected samples was measured at SA max absorption at 258 nm. Control SA release was also run at the same conditions, from the SA-PBS pH 7.4 and identical SA concentration as in liposome dispersion. SA release kinetics in liposome and PBS was evaluated using different mathematical models (zero order, first order, Higuchi, Korsmeyer-Peppas, Baker-Lonsdale), using *DDSolver* package for *Microsoft Excel* application.

2.5. SA photostability study {#s0035}
----------------------------

The SA samples in PBS and in liposomes were exposed to the UV-A UV-B and UV-C irradiation. The samples were treated by UV-A irradiation in a period of 0--150 min, UV-B irradiation in a period of 0--3 min and UV-C irradiation in a period of 0--0.5 min in the cylindrical photochemical reactor "Rayonnet" with 10 symmetrically placed UV-A and UV-B and 8 UV-C lamps having an emission maximum at 350 nm (UV-A), 300 nm (UV-B) and 254 nm (UV-C), respectively. The quartz cells (1 × 1 × 4.5 cm) placed on a circular rotating holder was used. The total measured energy flux (hitting the samples) was about 12.86 W/m^2^ for UV-A, 15 W/m^2^ for UV-B and 14.29 W/m^2^ for UV-C irradiation respectively, at a distance of 10 cm from the lamps. The samples were filtered through the cellulose membrane of 0.45 μm (Econofilters, Agilent Technologies, Germany) and analyzed by the UV--Vis method as well as UHPLC/MS analysis to detected products of irradiation.

2.6. Spectral measurements {#s0040}
--------------------------

The optical absorption spectra were obtained on a double beam Varian Cary-100 spectrophotometer equipped with 1.0 cm quartz cells. All spectra were recorded from 190 to 800 nm with 1.0 bandwidth.

2.7. UHPLC-DAD-HESI-MS/MS analysis {#s0045}
----------------------------------

UHPLC-DAD-HESI-MS/MS analysis was performed by using a Thermo Scientific liquid chromatography system (UHPLC) composed of a quaternary pump with a degasser, a thermostated column compartment, an autosampler, and a diode array detector connected to LCQ Fleet Ion Trap Mass Spectrometer (Thermo Fisher Scientific, San Jose, California, USA) equipped with heated electrospray ionisation (HESI). Xcalibur (version 2.2 SP1.48) and LCQ Fleet (version 2.7.0.1103 SP1) software were used for instrument control, data acquisition and data analysis. Separations were performed on a Hypersil gold C18 column (50 × 2.1 mm, 1.9 µm) obtained from Thermo Fisher Scientific.

The mobile phase consisted of (A) water + 0.1% formic acid and (B) acetonitrile. A linear gradient program at flow rate of 0.250 mL/min was used 0--2 min from 10 to 20% (B), 2--4.5 min from 20 to 90% (B), 4.5--4.8 min 90% (B), 4.8--4.9 min from 90 to 10% and 4.9--10.0 min 10% (B). The injection volume was 10 µL, and the column temperature was maintained at 25 °C. The separated compounds were detected at a wavelength of 208, 234, 260 and 583 nm, and each online spectrum was recorded within the range of 200--800 nm. The mass spectrometer was operated in positive mode. HESI-source parameters were as follows: source voltage 4.5 kV, capillary voltage 19 V, tube lens voltage 20 V, capillary temperature 275 °C, sheath and auxiliary gas flow (N~2~) 50 and 8 (arbitrary units), respectively. MS spectra were acquired by full range acquisition covering 50--1000 m/z. For fragmentation study, a data dependent scan was performed by deploying the collision-induced dissociation (CID). The normalized collision energy of the CID cell was set at 25 eV. All compounds were identified according to the corresponding spectral characteristics: mass spectra, accurate mass and characteristic fragmentation.

3. Results and discussion {#s0050}
=========================

3.1. UV--Vis spectroscopy studies {#s0055}
---------------------------------

UV--Vis absorption spectra of liposomes (SUV, LUV and MLV) with incorporated SA are presented in [Fig. 1](#f0005){ref-type="fig"}. The spectrum of the SA in PBS, at a concentration of 1 × 10^--5^ M is jointly presented in the [Fig. 1](#f0005){ref-type="fig"}. Based on previous studies ([@b0105], [@b0070]) it is known that the absorption spectrum of SA has one intense absorption band at about 260 nm. The central SA chromophore has a benzene ring with a maximum absorbance of about 255 nm, however, due to the presence of amino groups and free electron pairs derived from nitrogen, there is bathochromic shift of main absorption band of SA.Fig. 1UV--Vis spectra of SA incorporated in PC-SUV/LUV and MLV liposomes joined with the SA-PBS spectra. The SA concentration was 1 × 10^−5^ M. The final SA/lipid ratio was 1/50.

The liposomes scatter light and the absorption spectra are affected so that baseline is shifted from the x-axis in the case of SA-SUV/LUV and MLV liposomes. The light scattering presented by MLV suspensions differs from that of the SUV and LUV vesicles ([@b0145]). The Rayleigh scattering applies for particles with radius (R) shorter than λ/20 (R \< λ/20) and this "rule" provides a rapid estimation of the liposomes dimension ([@b0090]). The spectra of SA in SUV/LUV/MLV and SA in PBS are similar as regarding the shape. Regarding to peak positions, the spectra of SA in liposomes is moved bathochromic (from 257.8 to 258.1), due to different SA micro environment. The possible way of SA incorporation in liposomes is in the liposome polar interior. It is likely to consider that the shift of the SA red maximum in liposomes is due to the polar environment in which the SA macrocycle is located -- the water interface in the liposomes interior.

3.2. Release SA-liposomes studies {#s0060}
---------------------------------

Unlike most pharmaceutical forms, for cosmetics preparations as well as liposome dispersions there is no standard or other regulatory prescribed method for *in vitro* release rate determination of the incorporated active compounds ([@b0025], [@b0020], [@b0115]). Most commonly used methods for these kinds of researches are: sample-and-separate, continuous flow, *in situ*, and membrane barrier methods that include side-by-side diffusion cell and dialysis sac/bag method ([@b0030]). Active substance release from vesicle carriers can be influenced by both the membrane composition of the carrier and the structure of incorporated active compound-drug. In this study, *in vitro* release rate of SA in liposomes was carried out using the techniques with dialysis bags ([@b0030]). In the obtained test, SA liposome dispersion acts as a donor in the dialysis until PBS medium in the outer of the bag acts as acceptor phase. Percentage of SA release from the investigated liposome delivery dispersions as well as control PBS was calculated in predefined time intervals ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Sulfanilamide release profiles from PBS and liposomes.

Overall, it can be concluded that the release of SA from liposome happens very quickly but significantly slower compared to the control SA-PBS probe. As it can be seen, *in vitro* release of SA can be characterized by a biphasic profile. After 1 h, the percent of released SA from the liposomes was ∼20%, while in the next 1 h measurements showed insignificantly higher release, ∼25%. Values of SA release from the PBS (control sample) were about twice as high compared to SA liposomal dispersions ([Fig. 2](#f0010){ref-type="fig"}).

In order to obtain a better insight into the SA release kinetics, obtained experimental data were fitted to the appropriate mathematical models using *DDSolver* (zero order, first order, Higuchi, Korsmeyer-Peppas and Baker-Lonsdale), and the calculated parameters are shown in [Table 1](#t0005){ref-type="table"}.Table 1*In vitro* SA release kinetics models.Kinetic modelParameterSA in liposomesSA in PBSZero order\
$f = k_{0} \cdot t$*k*~0~0.2280.651R^2^−0.20910.0241AIC56.322252.2794  First order\
$F = 100 \cdot \lbrack 1 - e^{- k_{1} \cdot t}\rbrack$*k*~1~0.0030.010R^2^−0.08540.3657AIC55.351449.2628  Korsmeyer--Peppas\
$F = k_{\mathit{KP}} \cdot t^{n}$*k*~KP~6.63417.472n0.2360.207R^2^0.92540.998AIC33.250410.7935  Baker--Lonsdale\
$\frac{3}{2} \cdot \left\lbrack {1 - \left( {1 - \frac{F}{100}} \right)^{2/3}} \right\rbrack - \frac{F}{100} = k_{\mathit{BL}} \cdot t$*k*~BL~00.001R^2^0.71020.8672AIC43.466338.32  Higuchi\
$F = k_{H} \cdot t^{1/2}$*k*~H~2.2165.489R^2^0.68330.8123AIC44.265440.739[^1]

Based on the values of the determination coefficient (R^2^), and AIC values, the model that best describes the SA release from liposomes is Korsmeyer-Peppas model (highest R^2^ and lowest AIC). Due to the diffusion release exponent value, n = 0.236, it can be concluded that mechanism of drug release in Korsmeyer-Peppas model is based on the phenomenon of diffusion ([@b0035]).

3.3. UV irradiation of SA in PBS and liposomes {#s0065}
----------------------------------------------

The second goal of this work was to examine stability of SA (in PBS and inside of liposomes) to the oxidative stress induced by continuously UV-A (350 nm), UV-B (300 nm) and UV-C (254 nm) irradiation, followed by absorption spectroscopy method. The experiments were performed on three types of liposomes, SUV, LUV and MLV-SA liposomes made of 1,2-dimyristoyl-*sn*-glycero-3-phosphocholine lipid at different periods of time as shown in [Fig. 3](#f0015){ref-type="fig"}A--C. The SA stability was dependent on irradiation time and irradiation energy input of UV photons but also on the liposome size ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3SA degradation (%) in SUV/LUV/MLV liposomes and in PBS induced by UV-A (A), UV-B (B) and UV-C (C) irradiation as a function of UV irradiation time. SA concentration in liposomes and in PBS was 1 × 10^−5^ M. In the Figures inserts are represented corresponding ln*C~SA0~*/*C~SA~* = *f*(*t*~irr.~) graphs.

From the sulfanilamide UV--Vis absorption spectra (not shown), it was evident a decrease in absorbance at 258 nm (SA absorption maximum), which indicate that SA alone, and in liposomes is photosensitive. The proportional appearance of new absorption maxima in UV--Vis spectra was noticed in the wavelength ranges of 300--350 and 550--600 nm in the case of all investigated samples. The intensity of these maxima is increased with increasing irradiation time which indicates the formation of degradation products that will be detected and characterized using the UHPLC/MS analysis in continuation. The results shown in [Fig. 3](#f0015){ref-type="fig"} indicated an instability of SA to UV irradiation in the order to energy input strength by order, UV-A \< UV-B \< UV-C. SA degradation seems to be lowest in the case of MLV liposomes. The SA degradation in SUV and LUV liposomes was imperceptibly different which indicate that liposome size change from 100 to 400 nm had no influence to the SA distribution in liposomes. Also, instability to UV-A, B and C irradiation was higher in PBS (degradation % -- 25.629, 49.830 and 54.522) compared to the liposomes (degradation, % -- MLV: 22.250, 28.010 and 25.750; LUV: 26.770, 33.058 and 36.820; SUV: 25.841, 32.881 and 35.678), highlighting an increase in SA stability when it was incorporated into lipid vesicles.

Kinetics of SA degradation in PBS and liposomes (SUV, LUV and MLV) was investigated and respectively shown in [Fig. 3](#f0015){ref-type="fig"}A--C insets. The corresponding kinetic logarithmic plots are presented as a result of increasing time of irradiation for the SA in PBS as well as in liposomes of different size for all three UV-ranges, ln *C~SA0~*/*C~SA~* = *f*(*t*~irr.~). The rate constants, *k*, are calculated from the slopes (Eq. [(1)](#e0005){ref-type="disp-formula"}) and presented in [Table 2](#t0010){ref-type="table"}:$$y = \mathit{kx} + n$$where:Table 2Rate constants, *k* (min^−1^), calculated from the slopes of the corresponding kinetic logarithmic plots ln*C~SA0~*/*C~SA~* = *f*(*t*~irr.~).MediumUV-irradiation wavelength, nmUV-A (350 nm)UV-B (300 nm)UV-C (254 nm)*k* (min^−1^)SUV (100 nm)0.002010.002800.01985LUV (400 nm)0.001910.002590.02099MLV (1000 nm)0.001620.002270.01278PBS0.002020.004770.03616

--*y* is ln*C~SA0~*/*C~SA~*,--*C~SA~*~0~ is initial SA concentration,--*C~SA~* is SA concentration after certain irradiation time (*t*~irr~.),--*x* is the UV-irradiation time in minutes and--*k* is the rate constant for the SA degradation (min^−1^), shown in [Table 2](#t0010){ref-type="table"}.

The UV-induced SA degradation in PBS and liposome vesicles fits the first-order kinetic that is common model for photochemical reactions ([@b0135]). The first order reactions include a number of processes of internal redeployment or substances decomposition present in the reaction mixture. In majority of first order reactions other components from the reaction mixture such as inert solvent molecules or other substances, also participate in the reaction. If the changes in these other molecules are small by scope and by their nature, they are not relevant so they can be ignored. If so, it can be assumed that degradation reaction speed in this case is subordinate mostly of SA. The plots show linear fits, with R^2^ values of 0.93--0.99. The presented data ([Table 2](#t0010){ref-type="table"}) suggest that the SA degradation rate *in vitro* depends on the UV irradiation range *i.e.*, the energy of the photons. It would be expected that SA in liposomes should be much more stable against UV radiation. However, based on data presented in [Table 2](#t0010){ref-type="table"}, we can conclude that liposomes have stability role against SA-UV degradation (decreases of the *k* rates), except in the case of SA-SUV liposomes exposed to UVA irradiation where *k* values are similar to those reported in SA-PBS. The values of the calculated SA degradation rate constants, *k*, are in agreement with the somewhat different conditions of continuous UV-irradiation (such as energy flux and distance from the lamps). The lowest degradation rate constant is obtained in the case of SA in MLV liposomes for all three UV-ranges: UV-A, UV-B and UV-C.

3.4. Identification of UV irradiation SA degradation products by UHPLC-MS/MS analysis {#s0070}
-------------------------------------------------------------------------------------

In order to identify SA degradation products and SA degradation pathway after UV-irradiation UHPLC-MS/MS method was applied. The experiment was designed in a manner that standard solution of SA was firstly subjected to UHPLC-MS/MS analysis before sample irradiation. Obtained chromatograms of SA before and after UV-irradiations are shown in [Fig. 4](#f0020){ref-type="fig"}. The respondent parameters of identified compounds are presented in [Table 3](#t0015){ref-type="table"}. As it can be seen from [Fig. 4](#f0020){ref-type="fig"}A, in SA standard solution presence of only one intensive peak at retention time 1.01 min was recorded. After MS fragmentation of its molecular peak at *m*/*z* 173.61, four new fragment ions at *m*/*z* 155.97, 125.03, 108.02 and 93.06 were obtained ([Table 3](#t0015){ref-type="table"}). The resulting SA fragment ions are in agreement with previously published results by [@b0080]. Absorption spectra obtained from UV--Vis UHPLC detector additionally confirms that peak at 1.01 min originate from SA ([@b0070]). The results after UV-A, B and C irradiation of SA are presented in [Fig. 4](#f0020){ref-type="fig"}B--D, respectively. The presence of three new peaks in chromatograms, labeled as 2, 3, and 4 can be observed. MS fragmentation data and PDA spectrum data of new detected products are presented in [Table 3](#t0015){ref-type="table"}. After UV-A irradiation ([Fig. 4](#f0020){ref-type="fig"}B) presence of sulfanilic acid was detected. In UV-B and UV-C irradiation chromatograms, beside sulfanilic acid two new degradation products (peaks 3 and 4) were recorded. Peaks 3 and 4 are identified as aniline and benzidine, respectively.Fig. 4UHPLC chromatograms of sulfanilamide (A) and sulfanilamide after UV-A (B), UV-B (C) and UV-C irradiation (D). SA concentration was 1 × 10^−5^ M.Table 3Characteristic parameters of identified compounds after UV irradiation of SA.Peak Not*~R~*, minMolar mass\[M + H\]+MS/MS*λ*~max~, nmCompoundMolecular structure11.01172.03173.61155.97262Sulfanilamide![](fx1.gif)125.03108.0293.06  21.51173.01174.03156.01249Sulfanilic acid![](fx2.gif)108.0293.03  31.1993.0594.0581.03232Aniline![](fx3.gif)77.0328451.02  40.82184.01185.01180.68286Benzidine![](fx4.gif)166.94142.52102.21

Based on the peak area, it can be concluded that amount of sulfanilic acid is the highest compared to the other incurred degradation products. Also, it can be observed that degradation of SA is the highest after UV-C irradiation. The same degradation products identified after three different types of UV irradiation (UV-A, UV-B and UV-C) point to the same SA degradation mechanism. SA is sensitive to photo-oxidation due to the presence of aniline in its structure ([@b0005]). UV irradiation may lead to production of free radicals in organic compounds, especially those containing C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000C bonds. In SA these bonds appear in great numbers. Once created, free radicals can initiate chain reactions, which, in some cases, may be linked particularly to the presence of CC bonds. In accordance with literature data ([@b0005]), after UV-irradiation the potential photodegradation products of SA are azo- and nitro- derivatives. If we take into consideration degradation products that are identified in investigations of Fenton type catalysis of SA ([@b0050], [@b0070], [@b0055]), degradation SA products identified in this work were identical. Since main obtained free radicals in Fenton reactions are ^•^OH radicals, we can assume that obtained SA degradation products after applied UV stress can be result of ^•^OH action ([@b0140]). The formation of sulfanilic acid and aniline obvious is result of NH~2~ group loss. In the case of sulfanilic acid formation, the NH~2~ is replaced with OH group. In turn, formation process of benzidine or 1,1′-biphenyl-4,4′-diamine, can be explained by recombination that occurs between radicals obtained in reaction mixture after UV irradiation. Once formed ^•^C~6~H~4~NH~2~ are capable to interact with another ^•^C~6~H~4~NH~2~ free contributing to the benzedine generation.

4. Conclusion {#s0075}
=============

Investigation of SA stability under influence of UV-A, UV-B and UV-C irradiation in PBS solution and in liposomes pointed to the liposomes protective role. The results showed SA instability to UV irradiation in order to the energy input strength: UV-A \< UV-B \< UV-C. Liposomes size also influenced the SA stability that was higher in MLVs compared to the SUVs and LUVs. *In vitro* drug release study demonstrated that liposomes with incorporated SA contribute to the delayed SA distribution release that can be described by Korsmeyer--Peppas model. SA instability to the UV irradiation is reflected in sulfanilic acid, aniline and benzidine degradation products formation. SA degradation in PBS and liposome vesicles fits the first-order kinetic model. The degradation rate constants are dependent not only to involved UV photons energy input but also the SA microenvironment. The results obtained in this work could serve for further investigations of SA activity in potential active formulations.
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[^1]: R^2^, coefficient of determination; AIC, Akaike Information Criterion; *F* is the fraction of drug released at time t; *k*~0~ is the zero-order release constant; *k*~1~ is the first-order release constant; *k*~KP~ is the release constant incorporating structural and geometric characteristics of the drug-dosage form; *n* is diffusion release exponent; *k*~BL~ is the combined constant in Baker-Lonsdale model; *k*~H~ is the Higuchi release constant ([@b0035], [@b0155], [@b0045]).
